Compact Cu matrix composites reinforced with graphene were prepared by thermochemical processes and cold isostatic pressing. Thermophysical properties were investigated using laser flash analysis, differential scanning calorimetry, and dilatometry. From the results of the measurements, it follows that within the entire investigated temperature range, both the thermal diffusivity and the calculated values therefrom of the thermal conductivity of copper-graphene composites change according to the temperature changes. Above 500°C, abnormal decrease of the thermal diffusivity was registered for sample prepared from pure copper powder. In this case, the elevated temperature of test could cause sintering of copper particles, which were not coated by graphene. The as-received composites had higher thermal diffusivity and the thermal conductivity at the room temperature in comparison to the material obtained by standard pressing of pure copper powder. However, the production methods of some samples could cause their partial sintering. Based on the study, it could not be concluded that graphene only has impacts on the thermophysical properties.
Introduction
The increasing demands for technical solutions enforce increased durability of products and improvement of their mechanical or physical properties. This makes the topic of modern materials as the subject of intense research in all the highly developed countries. One group of very popular materials, which appeared in numerous studies, is represented by carbon materials such as graphene (C Gn ) or carbon nanotubes (CNTs). In recent years, graphene has become a popular reinforcement material for metal matrix composites (Ref [1] [2] [3] [4] [5] [6] [7] .
Graphene is two-dimensional, flat form of carbon, which has a single atom thickness and a hexagonal arrangement of atoms and possesses extraordinary mechanical, thermal, and electrical properties (Ref 8, 9) . The combination of unique properties of graphene as a dispersed phase provides great potential to change properties of a new generation of advanced composite materials in aerospace or electronic fields (Ref 10) .
Copper-graphene (Cu-C Gn ) composite is one of the scarcely studied metal matrix composites. However, driven by the Wan der Waals forces, graphene nanoplatelets are prone to agglomerate during the fabrication process. As agglomeration and structural destruction of carbon reinforcement often take place during ball-milling process or conventional powder metallurgy, some novel methods are developed for the manufacturing graphene on powders (Ref 11, 12) .
The manufacturing of graphene on powders is a new approach in comparison to applying flat surfaces in previous, conventional methods. As a result, Graphene 3D IMP powder is obtained-a composite material, where graphene covers powders of Cu. Graphene 3D IMP is produced by thermochemical processes. The method for producing Graphene 3D
IMP is the combination of several processes, including CarboTermoFluid Ò technology and the technology described in the patent application P.409141 of 2014 (Ref 6, 10, 13) .
The low cost of technological process opens up various possibilities for the use of Graphene 3D
IMP for the production of a new generation of advanced materials. The technology enables coating of three-dimensional surface by graphene, which allows obtaining uniform materials-composites; Cugraphene coatings on substrates made of steel, light metals, and ceramics (Ref 7, 10) .
Formation of elements from copper-graphene composite opens up a wide field for applications of this material, among others, in heat exchangers. For this reason, it is interesting to obtain information on the thermophysical properties (thermal diffusivity and thermal conductivity) of the Cu-C Gn composite.
The paper presents the preliminary results of thermal conductivity studies conducted on Cu-graphene composites fabricated from Graphene 3D IMP .
Experimental

Fabrication of Graphene 3D IMP and Bulk Cu-Graphene Composites
Studies of the thermophysical properties were conducted on fabricated in the Institute of Precision Mechanics Warsaw Cu-graphene composites obtained by fluidization processes described elsewhere (Ref 13) . Thermochemical processes were carried out on the stand for fluidization, which was produced by the Institute of Precision Mechanics. In the Graphene 3D IMP manufacturing, an analogy to the chemical vapor deposition (CVD) method was shown, where gases containing hydrocarbon also are the carbon source. CVD method allows coating large surfaces with graphene. However, in fluidization processes, it provides the movement of the small elements, the gas flows around each of them, and in this way, this method allows for the adsorption of graphene onto the base material in the powder form.
The procedure for the adsorption of graphene onto Cu powders included the following steps: (1) fluidization under gases containing hydrocarbons in working chamber (the process is assisted by the introduction of vibrations); (2) high-temperature decomposition of hydrocarbons which act as the carbon source in the production of Graphene 3D IMP ; (3) nucleation and growth of carbon structures on the surface of the Cu (which occurs through interaction of gases containing hydrocarbon, surrounding the particles of powder) ( Ref 13) .
Cu-graphene specimens (disks) were obtained by isostatic pressing at the Institute of High Pressure Physics of the Polish Academy of Sciences. For the preparation of Cu-graphene specimens, the different proportions of the Cu powders, Graphene 3D
IMP powders and their mixtures were used ( Table 1 ). The pressures of isostatic pressing were set minimum to ensure the consolidation of the samples. For 100 wt.% Cu powders, it was 200 MPa; for other variants, it was 1 GPa. In addition, samples 2, 4, 5, and 6 were coated by graphene at a temperature of 1000°C after pressing. Characteristics of powders and processes for the production of Cu-graphene specimens are compiled in Table 1 .
Structural characterization and thermophysical properties were performed using the following techniques:
1. Raman spectroscopy using Jobin-Yvon-Spex T64000 Raman spectrometer 2. Scanning electron microscopy (SEM) using LEO 435VP device equipped with energy-dispersive x-ray spectroscopy (EDS) analyzer and TM3000 HITACHI. 3. Differential scanning calorimetry (DSC) that measures the specific heat on a Netzsch DSC 404 C/3/G Pegasus scanning calorimeter. Tests were performed in a protective atmosphere of Ar in the temperature range from 25 to 1050°C with the heating rates of 5 and 20 K/min. Dilatometry (DIL) is used to investigate changes in thermal expansion using a high-temperature Netzsch DIL 402C/4/G dilatometer. Tests were performed in a protective atmosphere of Ar in the temperature range from 25 to 900°C under the lowrate heating conditions (5 K/min).
To characterize the thermal diffusivity and thermal conductivity, the laser flash analysis (LFA) measurement technique was used using a Netzsch LFA 427 apparatus set. The studies were conducted in vacuum of 10 À4 mbar in the temperature range from 25 to 900°C. The k (T) values were calculated taking into consideration the radiation losses, based on the nonlinear regression and Cape-Lehman model.
Results
The conducted microscopic observations confirmed the manufacturerÕs data on powder Cu characteristics, including type and grain size (Fig. 1) .
Manufacturing of graphene on the Cu grains at high temperature leads to the initial sintering of the output material (joints formed between the particles) ( Fig. 2a ) and the loss of dendritic structure (Fig. 2b) .
In order to evaluate technological processes, Graphene 3D IMP powders were tested using a Raman spectrometer (Fig. 3) . Exemplary Raman spectra revealed that 2D, G, and D peaks are clearly visible on the spectra. 2D and G peaks are typical for the Raman spectrum of graphene, confirming its presence on the tested powders. D peak indicates the possibility of the presence of graphene oxide.
Cu-graphene specimens in the form of disk were obtained by isostatic pressing (Fig. 4) . The specimens of Cu-graphene were used for the preparation of metallographic polished sections and examination of their microstructures. In this article, images were not shown, but the results of the microstructure examinations of all the specimens indicate that their structure is homogeneous at high magnifications up to 95000. Disks, received by cold isostatic pressing, were characterized by a compact structure. During the machining (cutting test samples) samples 3 and 5 showed significant embrittlement.
Calorimetric measurements showed similar C p curves of tested materials (Fig. 5) . No energetic effects were observed in the tested temperature range. In the case of the sample made of 100% Cu at temperature 300°C, an exothermic thermal effect is visible.
For Cu-C composites, the analysis of the relative elongation as a function of temperature showed approximately linear nature of the function (Fig. 6) . The increase of the temperature caused an increase of the relative elongation. At temperature 300°C, pure copper powder sample shows a sharp increase in elongation. Dilatometric curves showed no significant differences between the various contents of Cu powder coated by graphene.
The as-received dilatometric curves allowed us to calculate the average values of the thermal expansion coefficient a (Fig. 7) . For the calculation, the test results obtained during the heating of samples from 25 to 900°C were used. The changes in the value of the thermal expansion coefficient a are shown in Fig. 7 .
In temperature relations of the thermal expansion coefficient a, two stages can be noticed. In the range of 25 to 100°C, slow increase in the values of the thermal expansion coefficients a occurred. However, in the range of 100 to 900°C, the values of the thermal expansion coefficients a stabilize and depend on temperature slightly.
Temperature-related changes in the coefficients of thermal diffusivity (a) and thermal conductivity (k) are presented in Fig. 8 and 9 .
Based on the performed measurements, it was ascertained that in the entire temperature range for tested materials, the thermal diffusivity changes with temperature (Fig. 8) . For samples 2, 4, 5, and 6, temperature rise causes a decrease in thermal diffusivity. In the temperature range from 25 to 900°C for the sample 2, the difference was about 50 mm 2 /s; for the samples 4, 5, and 6, the differences were lower (7-16 mm 2 /s). Thermal diffusivity of the sample 1 was increasing in the temperature range of 200-400°C, and then began to decrease. This rise caused that, in the temperature range of 300-600°C, the thermal diffusivity of Cu (sample 1) was higher than the thermal diffusivities of the samples 4, 5, and 6. The increase and the decrease of thermal diffusivity registered for the sample 3 were similar to those for the sample 1.
At room temperature, the lowest values of thermal diffusivity were registered for the samples 1 and 3. Thermal diffusivity values doubled for the samples 4, 5, and 6, and more than thrice for the sample 2. Considerably smaller differences were registered at 900°C, but still the highest value was registered by the sample 2. The lowest thermal diffusivity was obtained for the reference sample 1.
Similar to the thermal diffusivity, the thermal conductivity changes with temperature. For the sample 2, the temperature rise caused a decrease of thermal conductivity. In the temperature range of 25-900°C, the thermal conductivity values of the samples 4, 5, and 6 were at a steady level. Thermal conductivity of the sample 1 started to increase first in the temperature range of 200-500°C, and then began to decrease. In the temperature range of 400-500°C, the thermal conductivity of Cu (sample 1) was higher than the thermal conductivity values of the samples 4, 5, and 6. Values of thermal conductivity of the sample 3 were changing similar to that for the sample 1. At room temperature, the lowest values of thermal conductivity were registered for the samples 1 (104 W/m K) and 3 (121 W/m K). Thermal conductivity values for samples 4, 5, and 6 were higher by more than 130 W/m K, and, for the sample 2, higher by more than 270 W/m K. At 900°C, the lowest values of thermal conductivity were registered for the sample 1, but the highest thermal conductivity was obtained for the sample 3.
Discussion
Manufacturing of composites of Cu-graphene under the conventional method of powder metallurgy brings many problems. Just ball-milling process can lead to the destruction of the carbon structures. The agglomeration of graphene, driven by the van der Waals forces, is another problem. There are also difficulties associated with poor affinity and a large thermal expansion mismatch between Cu-C. These factors can reduce performance of the composites later in operation (Ref 11, 12, 14) .
The use of copper powders coated with graphene, for the manufacturing of compact composite materials, eliminates the problem of agglomeration of the carbon phase. Graphene 3D
IMP manufacturing also causes a partial sintering of material (compaction). Most of the resulting compact composites of Cugraphene composites in the form of disks have a good mechanical strength. Such behaviors may be related to the presence of graphene oxide, as a source of oxygen, which can influence the formation of Cu-O bonds on the surface of the powder copper.
The presence of graphene in the Cu-matrix materials generates a high dislocation density in its vicinity. The result is an increase in yield strength, but the fragility of the material increases as well (Ref 11, 15) . This was confirmed during machining attempts of samples 3 and 5, which were characterized by considerable fragility.
In many attempts of Cu-C composites manufacturing, the obtained material had worse thermal properties compared to pure copper. This might be caused by agglomeration of graphene or by the formation of voids due to the thermal expansion mismatch of the Cu-C ( Ref 11, 16) .
Using Cu powder covered with graphene as a starting material for the production of a uniform material ensures no agglomeration of the filler. In Raman spectroscopy, the D peak indicates the disorder of carbon material and the possibility of the presence of graphene oxide. As a result, Cu-O bonding can form at the interface of copper matrix composites (Ref 17, 18) , which is beneficial to join matrix and filler. In case of samples 2, 4, 5, and 6, the coating of the pressed Cu powders with graphene was applied, so that carbon could penetrate voids in the pressed material. Applying high temperature during coating of the pressed samples with graphene could cause sintering of the particles. For the composites obtained in this way, at room temperature, the thermal diffusivity and the thermal conductivity increased in comparison to the pressed copper powder. For samples 2, 4, 5, and 6 thermal diffusivities and the thermal conductivities decreased with the increasing temperature. A factor, which affects the results is thermal expansion mismatch of Cu-C. The rise of temperature causes size increase of voids, which form insulating barrier to the heat flow.
Curves interrelating temperature with thermal conductivity k(T) for samples 2, 4, 5, and 6 have a different behavioral nature from the ones for the samples 1 and 3. It could be caused by the possibility of sintering samples during coating of the sample with graphene after pressing. Above 500°C, abnormal decrease of the thermal diffusivity was registered for sample 1-pure copper. In this case, the elevated temperature of test could cause sintering of copper particles which were not coated by graphene.
The way of sample preparation does not allow us to reliably determine the impact of graphene on thermophysical properties. Significant in this case is also the possibility of the particles sintering during the sample preparation.
Solid copper has higher thermal conductivity than these composites, but in this paper only materials manufactured from the powder were tested.
Conclusions
The paper presents the results of trials to fabricate Cugraphene composites. Measurements of thermophysical properties of the produced materials were shown.
The Institute of Precision Mechanics developed a low-cost manufacturing technology of the modern material which is Graphene 3D IMP . Methods of producing solid material from the graphenecoated Cu powder were elaborately discussed.
At room temperature, the as-received composites had higher thermal diffusivity and the thermal conductivity in comparison to the standard pressed copper powder.
